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Introduction {#embj201694969-sec-0001}
============

One cause of aging of the hematopoietic system is aging of hematopoietic stem cells (HSCs). While upon aging the number of phenotypic HSCs increases, their regenerative potential as measured in transplantation assays decreases. Hematopoiesis in the aged shows preferential differentiation into myeloid cells at the loss of support for the B‐cell lineage. An apolar distribution of the small RhoGTPase Cdc42 and the cytoskeletal protein tubulin within the cytosol, and of histone 4 acetylated on lysine 16 (AcH4K16) in the nucleus (Florian *et al*, [2012](#embj201694969-bib-0011){ref-type="ref"}) caused by increased activity of the small RhoGTPase Cdc42, as well as additional changes in epigenetic modifications referred to as epigenetic drift and altered gene expression profiles (e.g., high expression of myeloid genes) are additional hallmarks of aged HSCs (Chambers *et al*, [2007](#embj201694969-bib-0007){ref-type="ref"}; Florian & Geiger, [2010](#embj201694969-bib-0012){ref-type="ref"}; Florian *et al*, [2012](#embj201694969-bib-0011){ref-type="ref"}; Beerman *et al*, [2013](#embj201694969-bib-0002){ref-type="ref"}). Historically, aging of HSCs was thought to be solely influenced by stem cell intrinsic mechanisms (Rossi *et al*, [2005](#embj201694969-bib-0037){ref-type="ref"}; Florian *et al*, [2012](#embj201694969-bib-0011){ref-type="ref"}). Novel data though imply also the HSC niche in driving or exacerbating aging of HSC (Li *et al*, [2001](#embj201694969-bib-0024){ref-type="ref"}; Liang *et al*, [2005](#embj201694969-bib-0025){ref-type="ref"}; Zhu *et al*, [2007](#embj201694969-bib-0045){ref-type="ref"}). Elucidation of the mechanisms by which aging of the niche affects HSC aging will support the design of rationale therapeutic interventions to attenuate aging in hematopoiesis (Khong *et al*, [2015](#embj201694969-bib-0021){ref-type="ref"}; Khatri *et al*, [2016](#embj201694969-bib-0020){ref-type="ref"}). While mechanisms through which the niche regulates young HSCs have started to be elucidated (Visnjic *et al*, [2004](#embj201694969-bib-0041){ref-type="ref"}; Xie *et al*, [2009](#embj201694969-bib-0043){ref-type="ref"}; Méndez‐Ferrer *et al*, [2010](#embj201694969-bib-0029){ref-type="ref"}; Nombela‐Arrieta *et al*, [2013](#embj201694969-bib-0035){ref-type="ref"}; Bruns *et al*, [2014](#embj201694969-bib-0004){ref-type="ref"}; Acar *et al*, [2015](#embj201694969-bib-0001){ref-type="ref"}; Gur‐Cohen *et al*, [2015](#embj201694969-bib-0009){ref-type="ref"}), data on the extent of aging of the niche and the contribution to aging of HSCs are rare. Changes in the niche composition or function upon aging involve decreased bone formation, enhanced adipogenesis and changes in extracellular matrix (ECM) components (Calvi *et al*, [2003](#embj201694969-bib-0005){ref-type="ref"}; Zhang *et al*, [2003](#embj201694969-bib-0044){ref-type="ref"}; Naveiras *et al*, [2009](#embj201694969-bib-0033){ref-type="ref"}; Geiger *et al*, [2013](#embj201694969-bib-0014){ref-type="ref"}). Skewing of aged HSCs toward myeloid differentiation was recently linked to increased secretion of the pro‐inflammatory CC‐chemokine ligand 5 (CCL5; also known as RANTES) in aged stroma (Ergen *et al*, [2012](#embj201694969-bib-0010){ref-type="ref"}). Osteopontin (OPN), a secreted matrix glycoprotein, is produced in BM stroma by pre‐osteoblasts, osteoblasts and osteocytes (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). In young mice, OPN regulates HSC pool size, stem cell homing, trans‐marrow migration and engraftment (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}; Stier *et al*, [2005](#embj201694969-bib-0040){ref-type="ref"}; Haylock & Nilsson, [2006](#embj201694969-bib-0019){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). Here, we report that OPN is reduced in aged stroma and that reduced OPN levels confer aging‐associated phenotypes on HSCs. Treatment of aged HSCs with thrombin‐activated OPN phenotypically and functionally attenuated HSC aging, establishing lack of OPN as a critical factor in the aged niche conferring aging on HSC.

Results {#embj201694969-sec-0002}
=======

Transplantation of young HSCs into an aged microenvironment causes HSC expansion and enhanced myeloid contribution {#embj201694969-sec-0003}
------------------------------------------------------------------------------------------------------------------

The extent to which aging of the niche and the microenvironment contributes to aging‐associated phenotypes of HSCs is still a matter of debate. Therefore, hetero‐chronic transplant assays were performed in which BM cells from young (8--10 weeks old) donors were transplanted into either young (8--10 weeks old) or old (19--21 months old) recipients (Y→Y, Y→O) (Fig [1](#embj201694969-fig-0001){ref-type="fig"}A). We detected a decrease in the frequency of donor‐derived cells in Y→O compared to Y→Y recipients in peripheral blood (PB) 20 weeks after transplantation (Fig [1](#embj201694969-fig-0001){ref-type="fig"}B). Y→O mice further presented with an elevated frequency of long‐term HSCs (LT‐HSCs, gated as LSK CD34^−^/lowFlk2^−^) among Lin^−^ Sca‐1^+^ c‐kit^+^ cells (LSK) in BM and showed a decrease in the frequency of short‐term HSCs (ST‐HSCs, gated as LSK CD34^+^Flk2^−^) when compared to the frequency in Y→Y recipients (Fig [1](#embj201694969-fig-0001){ref-type="fig"}C). In addition, we found in Y→O mice, as previously reported, an increase in the frequency of myeloid cells in PB. The frequency of T cells was decreased, as expected in an environment with an aged thymus, while the frequency of B cells, also as reported previously, was not affected (Fig [1](#embj201694969-fig-0001){ref-type="fig"}D) (Ergen *et al*, [2012](#embj201694969-bib-0010){ref-type="ref"}). HSCs in Y→O mice were primarily apolar for tubulin and AcH4K16 (aged), while HSCs in Y→Y mice remained polar (young) (Fig [1](#embj201694969-fig-0001){ref-type="fig"}E). Hence, an aged niche is able to confer a set of aging‐associated phenotypes on HSCs.

![Transplantation of young BM cells into an aged microenvironment causes HSC expansion and myeloid development\
Schematic representation of the experimental setup: (Ly5.1^+^) BM cells from young were transplanted into either young or old recipient (Ly5.2^+^) mice. Twenty weeks after transplant, recipient mice were sacrificed and donor‐derived Ly5.1^+^ cells were analyzed in detail by flow cytometry and cell sorting.Frequency of young donor contribution (Ly5.1^+^ cells) to total WBC in PB in young and old recipient (Ly5.2^+^) mice.Frequency of young LT‐HSCs, ST‐HSCs and MPP cells in BM among donor‐derived Ly5.1^+^ LSK cells in young and old recipient (Ly5.2^+^) mice.Frequency of young B cells, T cells and myeloid cells among donor‐derived Ly5.1^+^ cells in PB in young and old recipient (Ly5.2^+^) mice.Representative distribution of AcH4k16 (red) and tubulin (green) in donor‐derived LT‐HSCs (Ly5.1^+^ cells) sorted from the Y→Y and Y→O experimental groups 20 weeks after transplant. Scale bar, 6 μm. Frequency of donor‐derived young LT‐HSCs polarized for AcH4K16 and tubulin sorted from young and old recipient (Ly5.2^+^) mice. *n* = 3; ˜40 cells scored per sample in each experimental repetition.Data information: Data are based on three experimental repeats with five recipient mice per group (e.g., *n* = 15 per group). A paired Student\'s *t*‐test was used to determine the significance of the difference between means of the two groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](EMBJ-36-840-g002){#embj201694969-fig-0001}

Age‐related changes in endosteal‐enriched stroma cells {#embj201694969-sec-0004}
------------------------------------------------------

We next characterized the nature of aging‐associated changes in stroma (Köhler *et al*, [2009](#embj201694969-bib-0023){ref-type="ref"}; Grassinger *et al*, [2010](#embj201694969-bib-0017){ref-type="ref"}). Cells that are located \< 10 cell diameters to the bone are enriched for stroma cells from the endosteal region of the bone referred to as the endosteal niche and were detached for our experiments by collagenase treatment (Fig [2](#embj201694969-fig-0002){ref-type="fig"}Ai--iii). This cell population is thus enriched in non‐hematopoietic stroma cells and, as most of the vascular structures are present in this region, contains all types of stroma cells present in the BM (Mendelson & Frenette, [2014](#embj201694969-bib-0028){ref-type="ref"}). Flow cytometric analyses identified a decrease in the frequency of stroma cells (CD45^−^ Ter119^−^, Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}A) as well as osteoblasts (OBs, CD45^−^Ter119^−^CD31^−^Sca1^−^CD51^+^ cells) upon aging, while the frequency of other niche cell populations like CD31^+^ endothelial cells (gated as CD45^−^Ter119^−^Sca1^+^CD31^+^), mesenchymal stem cells (MSCs gated as CD45^−^Ter119^−^CD31^−^Sca1^+^CD51^+^) and CXCL12 abundant reticular cells (CAR^+^ cells gated as CD45^−^Ter119^−^CD31^−^CXCL12^+^) was similar (Fig [2](#embj201694969-fig-0002){ref-type="fig"}B). We also detected a decrease in the frequency of both mesenchymal progenitors able to differentiate into fibroblasts (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}B) and osteoblasts (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}C) in aged mice. Aging thus changes the cellular composition of stroma. These changes in composition though seem to be primarily linked to stroma close to the endosteum, as the stroma cell composition in the central part of the BM was interestingly not affected by aging (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}D).

![Stroma‐derived OPN decreases alongside with OBs decrease in the stroma upon aging\
Representative cartoon of a bone section: endosteum (gray), BM (red). (i) BM section. (ii) BM section after BM flushing. This cell fraction close to the endosteum was used for subsequent experiments. (iii) Bone after BM flushing and incubation with collagenase IV. Scale bar, 50 μm.Relative frequency of osteoblasts, CD31^+^ endothelial cells, MSCs and CAR cells in endosteal‐enriched stroma population of young and old mice (*n* = 7).Concentration of OPN in the BM supernatant from either young or old mice (*n* = 6).Relative level of OPN RNA in young and old cells isolated from the endosteal bone region, lineage‐positive cells and LT‐HSCs (stroma cells *n* = 7 young, *n* = 7 old; lineage positive *n* = 3 young, *n* = 3 old; LT‐HSC *n* = 4 young, *n* = 4 old).Frequency of CD45^−^Ter119^−^OPN^+^ cells (OPN‐positive stroma cells) in the endosteal‐enriched stroma population from young and old mice (*n* = 5).OPN median fluorescence intensity in young and old endosteal‐enriched stroma populations (OBs, CD31^+^ endothelial, MSCs and CAR^+^ cells) from three experimental repeats (*n* = 9 young, *n* = 6 old).Representative immunofluorescence three‐dimensional images of DAPI (blue) and OPN (red) localization in young and old OBs (scale bar 2.10 μm). Two experiments with ˜15--20 cells scored per sample in each experimental repetition.Volume measurement of OPN signal in young and old OBs.Data information: A paired Student\'s *t*‐test was used to determine the significance of the difference between means of two groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](EMBJ-36-840-g004){#embj201694969-fig-0002}

![BM niche microenvironment changes upon aging with respect to decreased cell frequency, decreased CFU‐F/OB ability and altered cytokines secretion\
ARelative frequency of CD45^−^ Ter119^−^ cells (endosteal‐enriched stroma population) in the cell fraction close to the endosteum in young and aged mice (*n* = 9).B, CFrequency of CFU‐F (B) and CFU‐OB (C) among 300,000 young or old cells isolated from the endosteal bone region (*n* = 4).DRelative frequency of osteoblasts OBs, CD31^+^ endothelial cells, MSCs and CAR cells in BM central stroma population of young and old mice (*n* = 5).EConcentration of cytokines in the BM supernatant of young and old mice (*n* = 3).F, GNumbers of LT‐HSCs (F) and ST‐HSCs (G) in spleen of young and old mice (*n* = 4--5 per group).Data information: A paired Student\'s *t*‐test was used to determine the significance of the difference between means of the two groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](EMBJ-36-840-g003){#embj201694969-fig-0001ev}

Osteopontin is decreased in aged BM {#embj201694969-sec-0005}
-----------------------------------

We next investigated whether levels of specific secreted proteins associated with distinct types of niche cells changed in the BM extracellular fluid upon aging. While we detected an aging‐associated increase in the level of multiple chemokines and cytokines tested (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}E), which included the already reported increase in RANTES and other pro‐inflammatory cytokines, OPN was the only cytokine in our test group to present with a decrease in the level in the BM extracellular fluid upon aging (Fig [2](#embj201694969-fig-0002){ref-type="fig"}C). Changes in OPN upon aging thus correlate positively with a reduced function of HSCs upon aging. A pro‐inflammatory cytokine microenvironment in the BM upon aging that is usually associated with mobilization might also explain our finding of elevated HSPC numbers in the spleen of aged mice (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}F and G). Consistent with a low level of OPN in the extracellular fluid, stroma cells in aged mice presented with reduced levels of OPN mRNA (Fig [2](#embj201694969-fig-0002){ref-type="fig"}D), while the low level of OPN expression in HSCs as well as differentiated hematopoietic (lin^+^ cells) was not affected by aging (Fig [2](#embj201694969-fig-0002){ref-type="fig"}D). Intracellular staining further revealed a decrease in the frequency of cells positive for OPN protein among aged stroma cells (Fig [2](#embj201694969-fig-0002){ref-type="fig"}E). While OPN protein was detected in OBs, CD31^+^ endothelial cells, MSCs and the CAR^+^ subpopulation of endosteal‐enriched stroma cells at distinct levels, only OBs showed a decrease in OPN protein upon aging (Fig [2](#embj201694969-fig-0002){ref-type="fig"}F). Expression of OPN in endosteal‐enriched stroma cells other than OBs, CD31^+^ endothelial cells, MSCs and CAR^+^ cells was not altered upon aging, suggesting that primarily changes in the level of OPN in OBs are responsible for changes of the OPN level in stroma upon aging (Fig [EV2](#embj201694969-fig-0002ev){ref-type="fig"}A). Quantitative immunofluorescence confocal microscopy (Fig [2](#embj201694969-fig-0002){ref-type="fig"}G) further confirmed that the decrease in OPN protein upon aging is restricted to OBs (Figs [2](#embj201694969-fig-0002){ref-type="fig"}H and [EV2](#embj201694969-fig-0002ev){ref-type="fig"}B, and [Movies EV1](#embj201694969-sup-0003){ref-type="supplementary-material"} and [EV2](#embj201694969-sup-0004){ref-type="supplementary-material"}). The decrease in OPN upon aging in BM owes therefore most likely to a combination of both a decrease in the number of OBs expressing OPN (Fig [EV2](#embj201694969-fig-0002ev){ref-type="fig"}C) and a lower expression of OPN per OB.

![OPN staining in stroma OBs, CD31^+^ endothelial cells, CAR ^+^ cells and MSCs\
Relative frequency of left over endosteal‐enriched stroma population OPN‐positive nonosteoblasts, CD31^+^ endothelial cells, MSCs and CAR cells of young and old mice (*n* = 4).Representative immunofluorescence three‐dimensional images of DAPI (blue) and OPN (red) localization in young and old CAR^+^ cells (scale bar 1.40 μm), CD31^+^ endothelial (scale bar 1.80 μm) and MSCs (scale bar 1.90 μm) with relative OPN signal volume quantification. Representative of two experiments with ˜15--20 cells scored per sample in each experimental repetition.Relative frequency of OPN‐positive osteoblasts in endosteal‐enriched stroma population of young and old mice (*n* = 4).Representative plot showing specificity of the anti‐OPN antibody in young, old and OPN KO endosteal‐enriched stroma population.Data information: A paired Student\'s *t*‐test was used to determine the significance of the difference between means of the two groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05.](EMBJ-36-840-g005){#embj201694969-fig-0002ev}

Lack of stromal OPN confers aging‐like phenotypes on HSCs {#embj201694969-sec-0006}
---------------------------------------------------------

We next initiated *in vitro* co‐culture experiments in which young HSCs were plated onto freshly isolated young, OPN KO and old endosteal‐enriched stroma cells (Fig [3](#embj201694969-fig-0003){ref-type="fig"}A and B) to investigate whether the aging‐associated decline in OPN in stroma might be able to confer aging‐associated changes on HSCs. After 72 h of co‐cultivation, which allows for two to three rounds of cell replication of the HSCs, the number of phenotypic HSCs (Fig [3](#embj201694969-fig-0003){ref-type="fig"}C) was increased when young cells were cultured on OPN KO and old stroma compared to young stroma, like in aged animals. This increase was specific to HSCs, as the frequency of more differentiated ST‐HSCs and multipotent progenitors (MPPs, gated as LSK CD34^+^Flk2^+^) remained unaltered (Fig [3](#embj201694969-fig-0003){ref-type="fig"}D and E). Young HSCs, independent on the type of stroma cultured on, remained more than 95% viable and presented on average with 10% of cells in cycle (BrdU^+^) (Fig [EV3](#embj201694969-fig-0003ev){ref-type="fig"}A and B), excluding that differences in apoptosis or cycling contributed to the elevated number of HSC found on OPN KO or aged stroma.

![OPN KO microenvironment, like an old environment, prematurely increases the number of young HSCs, decreases their engraftment and protein polarity\
ASchematic representation of the experimental setup.BConcentration of OPN in the co‐culture supernatant of young BM lineage negative onto young, young OPN KO and old endosteal‐enriched stroma population.C--ENumber of young LT‐HSCs (C), ST‐HSCs (D) and MPPs (E) Ly5.1^+^ onto young, young OPN KO and old endosteal‐enriched stroma population.FSchematic representation of the experimental setup.GFrequency of young donor contribution (Ly5.1^+^ cells) to total WBC in PB in young, young OPN KO and old recipient (Ly5.2^+^) mice.HFrequency of young LT‐HSC, ST‐HSC and MPP cells in BM among donor‐derived LSK cells in young, young OPN KO and old recipient (Ly5.2^+^) mice.IFrequency of young B cells, T cells and myeloid cells among donor‐derived Ly5.1^+^ cells in PB in young, young OPN KO and old recipient (Ly5.2^+^) mice.JRepresentative distribution of AcH4k16 (red) and tubulin (green) in donor‐derived LT‐HSCs (Ly5.1^+^ cells) 20 weeks after transplant. Scale bar, 6 μm. Same data as in Fig [1](#embj201694969-fig-0001){ref-type="fig"} are shown for the young and old groups, and same experimental conditions have been applied for the additional OPN KO recipient mice group.KFrequency of donor‐derived young LT‐HSCs polarized for AcH4K16 and tubulin from young, young OPN KO and old recipient (Ly5.2^+^) mice. *n* = 5; ˜40 cells scored per sample in each experimental repetition.Data information: Data in (B--E) are based on six experimental repeats. Data in (G--K) are based on six experimental repeats with five recipient mice per group (e.g., *n* = 25--30 per group). Two‐way ANOVA statistic test was used to compare means among the three groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](EMBJ-36-840-g006){#embj201694969-fig-0003}

![OPN ^−/−^ mice, like old mice, show decreased OB number, increase in inflammatory cytokines and increase in LT‐HSCs with associated apolarity\
A, BFrequency of young LT‐HSCs Ly5.1^+^ Annexin V negative (A) and BrdU^+^ (B) co‐cultured onto young, young OPN KO and old endosteal‐enriched stroma population (*n* = 6).CRelative frequency of osteoblasts, CD31^+^ endothelial cells, MSCs and CAR cells in endosteal‐enriched stroma population of young, old and young OPN KO mice (*n* = 6--7).DConcentration of cytokines in the BM supernatant of young, old and young OPN KO mice (*n* = 3).ENumber of LT‐HSCs per mouse sorted from young, old and young OPN KO mice (*n* = 8).FRepresentative distribution of AcH4k16 (red) and tubulin (green) in LT‐HSCs sorted from young, old and young OPN knockout mice (Ly5.2 background). Nuclei are stained with DAPI (blue). Scale bar, 5 μm. Merged pictures on a dark background are shown.Data information: Two‐way ANOVA statistic test was used to compare means among the three groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01.](EMBJ-36-840-g007){#embj201694969-fig-0003ev}

Additional heterochronic transplants were performed to determine the extent of premature aging of HSCs when exposed to an OPN KO stroma *in vivo*. BM cells from young (8--10 weeks old) donors were transplanted into young (8--10 weeks old), OPN KO (8--10 weeks old) and old (19--21 months old) recipients (Y→Y, Y→OPN KO, Y→O) (Fig [3](#embj201694969-fig-0003){ref-type="fig"}F). In both Y→OPN KO and Y→O transplants, a decrease in the overall donor‐derived cell engraftment in PB was observed compared to Y→Y (Fig [3](#embj201694969-fig-0003){ref-type="fig"}G). Y→OPN KO mice showed an aging‐like increase in the frequency of HSCs in BM that was indistinguishable from the frequency in Y→O, but very distinct from Y→Y controls (Fig [3](#embj201694969-fig-0003){ref-type="fig"}H) as also already described for early hematopoietic progenitor cells (LSK) cells in OPN^−/−^ animals (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}). Y→O animals presented with an increase in the frequency of myeloid cells over lymphoid T cells, while B‐cell frequencies were not affected (Fig [3](#embj201694969-fig-0003){ref-type="fig"}I, see also Fig [1](#embj201694969-fig-0001){ref-type="fig"}). Y→OPN KO animals though did not yet recapitulate an aged phenotype in differentiated cells, showing a normal contribution to myeloid, T and B cells in PB similar to Y→Y controls (Fig [3](#embj201694969-fig-0003){ref-type="fig"}I). Moreover, HSCs became to a large extent apolar for tubulin and AcH4K16 in Y→OPN KO animals, similar to HSCs in Y→O transplants, while HSCs in Y→Y animals remained mainly polar (Fig [3](#embj201694969-fig-0003){ref-type="fig"}J and K). Endosteal‐enriched stroma cells in a young OPN KO mouse mimicked old stroma also with respect to a lower overall number of OBs (Fig [EV3](#embj201694969-fig-0003ev){ref-type="fig"}C) and elevated levels of IP‐10 as well as RANTES in the BM extracellular fluid (Fig [EV3](#embj201694969-fig-0003ev){ref-type="fig"}D), which implies that these aging‐associated changes in stroma are mechanistically downstream of OPN. In aggregation, these data support that an OPN^−/−^ stroma can confer premature aging‐like phenotypes on HSCs (reconstitution potential, frequency, polarity) independent of lineage skewing. We obtained similar phenotypes as described above when animals devoid of OPN in all tissues (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}; Stier *et al*, [2005](#embj201694969-bib-0040){ref-type="ref"}) were analyzed: an increase in LT‐HSC number, a decrease in protein polarity and an increase in Cdc42 activity (Figs [EV3](#embj201694969-fig-0003ev){ref-type="fig"}E and F, and [EV4](#embj201694969-fig-0004ev){ref-type="fig"}A--D). Finally, we detected accelerated aging‐associated differentiation skewing in BM of middle‐aged OPN^−/−^ mice (18 months). These animals presented with a reduced frequency of B cells and an increase in myeloid cells compared to age‐matched littermates (Fig [EV4](#embj201694969-fig-0004ev){ref-type="fig"}E). 18‐month‐old OPN^−/−^ mice also showed though a significant decrease in common myeloid progenitor cells (CMPs) but also a trend in a lower frequency of common lymphoid progenitor cells (CLPs) compared to old wild‐type mice (Fig [EV4](#embj201694969-fig-0004ev){ref-type="fig"}F).

![Increased HSCs number in OPN ^−/−^ mice present with augmented Cdc42 activity and premature lineage skewing\
Frequency of LT‐HSCs polarized for AcH4K16 and tubulin sorted from young, old and young OPN KO mice. *n* = 6; ˜40 cells scored per sample in each experimental repetition.Cdc42 activity in young, old and young OPN KO lineage‐depleted bone marrow cells (Lin^−^BM) was determined by pull‐down/Western blot assay. Active Cdc42 (Cdc42‐GTP) was normalized with respect total Cdc42 and actin.Ratio of the densitometric score of the Cdc42‐GTP form and the total Cdc42 expression from panel (B), *n* = 5.Number of LT‐HSCs per mouse sorted from young, old (24 months), young OPN KO mice and old OPN KO (18 months) (Ly5.2^+^) mice (*n* = 5--8).Frequency of B cells, T cells, and myeloid cells in BM in young, old (24 months), young OPN KO and old OPN KO (18 months) (Ly5.2^+^) mice (*n* = 5).Frequency of MEPs, CMPs, GMPs and CLPs progenitors in BM cells in young, old (24 months), young OPN KO and old OPN KO (18 months) (Ly5.2^+^) mice (*n* = 5).Schematic representation of the experimental setup: the recipient mice were analyzed after 15 h from the cell injection.Cartoon demonstrating processing of the bones for analysis.Ratio of CFSE^+^ HSPCs per section (3--4 biological repeats/group). Average HSPC numbers scored/mouse in young *n* = 39, old *n* = 63 and OPN KO = 70 in three biological repeats.Data information: Two‐way ANOVA statistic test was used to compare means among the three groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](EMBJ-36-840-g009){#embj201694969-fig-0004ev}

Aged HSCs are found at a greater distance from the endosteum within the BM and present with a reduced lodging ability (Köhler *et al*, [2009](#embj201694969-bib-0023){ref-type="ref"}). We next tested the contribution of loss of OPN to these aging‐associated phenotypes. To this end, young, CFSE‐labeled HSPCs were transplanted into young, old and young OPN KO recipients (Fig [EV4](#embj201694969-fig-0004ev){ref-type="fig"}G). Long bones were harvested 15 h later and cut into longitudinal sections and subsequently analyzed for HSPC localization (Fig [EV4](#embj201694969-fig-0004ev){ref-type="fig"}H). We determined the number of homed young HSPC in the whole bone via 3D reconstitution of the data. The OPN KO environment, like the old environment, harbored double the number of young HSPCs when compared to young recipients (Fig [EV4](#embj201694969-fig-0004ev){ref-type="fig"}I). In aggregation, these data suggest that an OPN KO microenvironment resembles an old microenvironment with respect to harboring more HSPCs. Transplantations of BM cells from Y→Y, Y→OPN KO and Y→O transplants into secondary recipient (young) mice ([Appendix Fig S1A](#embj201694969-sup-0001){ref-type="supplementary-material"}) revealed in the Y→OPN KO and Y→O groups, as anticipated, a decrease in the overall donor‐derived cell engraftment in PB when compared to secondary transplants of Y→Y mice ([Appendix Fig S1B](#embj201694969-sup-0001){ref-type="supplementary-material"}). The frequency of HSC decreased though to a youthful level irrespective of the previous type of stroma exposure, and the differentiation pattern in BM was similar to the one in Y→Y transplants ([Appendix Fig S1C and D](#embj201694969-sup-0001){ref-type="supplementary-material"}). These data imply that at least some of the aging‐associated phenotypes conferred upon HSCs by low OPN might be amendable to attenuation by a young stromal microenvironment.

Young stroma attenuates phenotypes associated with aged HSCs {#embj201694969-sec-0007}
------------------------------------------------------------

Old HSCs, when cultured either on a young, young OPN KO or an old (OPN low) stroma population (Fig [EV5](#embj201694969-fig-0005ev){ref-type="fig"}A and B) presented with similar numbers of HSCs, irrespective of the type of stroma they were cultivated on, and the level of apoptosis and BrdU uptake (cycling) of aged HSCs were similar while cultured the distinct types of stroma (Fig [EV5](#embj201694969-fig-0005ev){ref-type="fig"}C--G). Experiments in which BM cells from old donors (19--21 months) were transplanted into old (19--21 months old), young OPN KO (8--10 weeks old) and young recipients (8--10 weeks old) (O→O, O→OPN KO, O→Y) (Fig [4](#embj201694969-fig-0004){ref-type="fig"}A) revealed though that young stroma, in contrast to an aged or OPN KO stroma, conferred an elevated, more youthful contribution to chimerism in PB on aged HSCs (Fig [4](#embj201694969-fig-0004){ref-type="fig"}B). O→Y recipients further presented with a significant decrease in the frequency of LT‐HSCs in BM when compared to O→O controls (Fig [4](#embj201694969-fig-0004){ref-type="fig"}C). Old HSCs, when transplanted into young animals, re‐established a more youthful pattern of lineage differentiation, with a decrease in the frequency of myeloid cells and an increase in T‐lymphoid cells compared to O→O (Fig [4](#embj201694969-fig-0004){ref-type="fig"}D) and a decrease in the frequency of CMPs compared to O→O (Fig [EV5](#embj201694969-fig-0005ev){ref-type="fig"}H and I). These data imply that aging‐associated stem cell phenotypes might be malleable by a young, OPN‐positive stroma *in vivo,* while a young OPN KO microenvironment is not able to do so (no rescue of B and myeloid cells, Fig [4](#embj201694969-fig-0004){ref-type="fig"}D). The fact that our *in vitro* co‐culture experiments (Fig [EV5](#embj201694969-fig-0005ev){ref-type="fig"}A), in contrast to the *in vivo* transplants (Fig [4](#embj201694969-fig-0004){ref-type="fig"}A), did not show attenuation of aging parameters on young stroma suggested that additional co‐factors only present *in vivo* might be necessary for OPN to act on aged HSCs. OPN that has been enzymatically digested by thrombin (Thr) can regulate HSCs attraction and niche retention (Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). Analyses of BM sections by immunofluorescence revealed that Thr and OPN co‐localize at the endosteum, supporting a likely interaction of Thr and OPN *in vivo* (Fig [4](#embj201694969-fig-0004){ref-type="fig"}E), which was further supported by our finding that BM harbors, besides full‐length OPN, also fragments of OPN which are consistent in size with OPN digested by Thr *in vitro* (Fig [4](#embj201694969-fig-0004){ref-type="fig"}F and G).

![A young stroma microenvironment supports the increase in old MPPs *in vitro* and the decrease in old CMPs *in vivo*\
ASchematic representation of the experimental setup.BConcentration of OPN in the co‐culture supernatant of old BM lineage negative onto young, young OPN KO and old endosteal‐enriched stroma population (*n* = 4).C--ENumber of old LT‐HSCs (C), ST‐HSCs (D) and MPPs (E) Ly5.1^+^ onto young, young OPN KO and old endosteal‐enriched stroma population (*n* = 4).F, GFrequency of old LT‐HSCs Ly5.2^+^ Annexin V negative (F) and BrdU^+^ (G) co‐cultured onto young, young OPN KO and old endosteal‐enriched stroma population (*n* = 4).H, IFrequency of young (H) and old (I) (Ly5.1^+^) MEPs, CMPs, GMPs and CLPs progenitors in BM cells in young, old and young OPN KO recipients (Ly5.2^+^) mice after 20 weeks upon transplantation. Data are based on six experimental repeats with five recipient mice per group (e.g., *n* = 25--30 per group).Data information: Two‐way ANOVA statistic test was used to compare means among the three different groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](EMBJ-36-840-g011){#embj201694969-fig-0005ev}

![A young microenvironment restores HSC frequency, protein polarity and lineage of differentiation\
Schematic representation of the experimental setup.Frequency of old donor contribution (Ly5.1^+^ cells) to total WBC in PB in young, young OPN KO and old recipient (Ly5.2^+^) mice.Frequency of old LT‐HSC, ST‐HSC and MPP cells in BM among donor‐derived LSK cells in young, young OPN KO and old recipients (Ly5.2^+^) mice.Frequency of old B cells (B220^+^), T cells (CD3^+^) and myeloid cells among donor‐derived Ly5.1^+^ cells in PB in young, young OPN KO and old recipient (Ly5.2^+^) mice.Whole mount immunofluorescence staining on young mouse femors. Representative co‐distribution of OPN (green) and thrombin (red) in the endosteal region of young mouse femurs.Representative Western blot analysis for OPN and thrombin of the BM supernatants from young, old and OPN KO mice. *n* = 3.Western blot analysis showing the OPN full‐length form (OPN FL) and the thrombin‐cleaved OPN truncated form fragments size (OPN TR).Representative distribution of AcH4k16 (red) and tubulin (green) in young, old, old treated with OPN FL, old treated with OPN TR, OPN KO, OPN KO treated with OPN FL, and OPN KO treated with OPN TR LT‐HSCs. Scale bar, 5 μm.Percentage of LT‐HSCs polarized for AcH4K16 and tubulin for all the experimental groups. *n* = 4; ˜40 cells scored per sample in each experimental repetition.Data information: Data in (B--D) are based on six experimental repeats with five recipient mice per group (e.g., *n* = 25--30 per group). Two‐way ANOVA statistic test was used to compare means among the three groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](EMBJ-36-840-g008){#embj201694969-fig-0004}

Thrombin‐activated OPN attenuates phenotypes associated with aged HSCs {#embj201694969-sec-0008}
----------------------------------------------------------------------

HSCs from young, OPN KO and old mice were treated for 16 h *ex vivo* with recombinant OPN or recombinant OPN activated by thrombin (OPN TR). Both apolar old and apolar HSCs from OPN KO mice (Fig [EV3](#embj201694969-fig-0003ev){ref-type="fig"}E and F), when treated with OPN TR, turned polar (Fig [4](#embj201694969-fig-0004){ref-type="fig"}H). OPN not processed by Thr did not alter the polarity status (Fig [4](#embj201694969-fig-0004){ref-type="fig"}H and I). Thus, OPN TR exposure reverts the apolar status of old or prematurely aged HSCs from the OPN KO mouse to a polar, youthful one. HPLC separation of OPN TR revealed ([Appendix Fig S2Ai and ii](#embj201694969-sup-0001){ref-type="supplementary-material"}), similar to WB analyses of OPN TR (Fig [4](#embj201694969-fig-0004){ref-type="fig"}G), four distinct protein fractions (fraction A to D). Fraction D was the single active fraction that was able to revert the polarity status of HSCs from old and OPN KO animals to an extent similar to total OPN TR to a youthful level (Fig [5](#embj201694969-fig-0005){ref-type="fig"}A and B, and [Appendix Fig S3A](#embj201694969-sup-0001){ref-type="supplementary-material"}). Fraction D of OPN TR was also able to reduce the activity of the small RhoGTPAse Cdc42 (that regulates polarity) in aged hematopoietic cells almost to the level found in young cells (Fig [5](#embj201694969-fig-0005){ref-type="fig"}C). WB analyses revealed that fraction D, which in terms of absolute protein content, is the smallest of the four fractions, presented with bands around 20 and 25 kDa in size ([Appendix Fig S2Bi and ii](#embj201694969-sup-0001){ref-type="supplementary-material"}) which are fragments similar in size to fragments from OPN detected in the BM *in vivo* (Fig [4](#embj201694969-fig-0004){ref-type="fig"}F). Protein sequencing approaches indicated that the two fragments in fraction D represent fragments from the predicated thrombin cleavage site in OPN (Fig [EV6](#embj201694969-fig-0006ev){ref-type="fig"}Ai). As besides OPN fragments also thrombin was found exclusively in fraction D (Fig [EV6](#embj201694969-fig-0006ev){ref-type="fig"}Aii), fraction D was further divided into six subfractions and thrombin was only found in one subfraction (26--27), while the other five fractions were devoid of thrombin (Fig [EV6](#embj201694969-fig-0006ev){ref-type="fig"}B). As all of the fraction D subfractions were able to re‐polarize aged HSCs (Fig [EV6](#embj201694969-fig-0006ev){ref-type="fig"}C), a direct role for thrombin in changing polarity could be excluded.

![Treatment with OPN fraction D attenuates aged LT‐HSC dysfunction and restores the polarity of tubulin and Ach4K16 by activating integrin α~9~β~1~ on HSCs\
Representative distribution of AcH4k16 (red) and tubulin (green) in old with OPN TR, old treated with thrombin, old treated with fraction C and old treated with fraction D LT‐HSCs (same treatment condition for OPN KO LT‐HSCs). Scale bar, 5 μm.Percentage of LT‐HSCs polarized for AcH4K16 and tubulin for all the experimental groups. *n* = 4; ˜40 cells scored per sample in each experimental repetition.Cdc42 activity in young, old and old treated with fraction D lineage‐depleted bone marrow cells (Lin^−^ BM) determined by pull‐down/Western blot assay. Graph represents the ratio of the densitometric score of the Cdc42‐GTP form and the total Cdc42 expression, *n* = 5 pull‐down assays.Schematic representation of the experimental setup.Frequency of donor contribution to total WBC in PB in young recipient mice 20 weeks after transplantation.Frequency of old, old with fraction C and old with fraction D, B cells, T cells and myeloid cells among donor‐derived Ly5.2^+^ cells in PB in young recipient mice.Frequency of old, old with fraction C and old with fraction D LT‐HSCs in BM among donor‐derived LSK cells in young recipient mice.Percentage of LT‐HSCs polarized for AcH4K16 and tubulin in donor‐derived LT‐HSCs (Ly5.2^+^ cells) sorted from the old, old with fraction C and old with fraction D experimental groups 20 weeks after transplant. ˜40 cells scored per sample in each experimental repetition, *n* = 3.Percentage of LT‐HSCs polarized for AcH4K16 and tubulin in the experimental groups listed. *n* = 3; ˜30 cells scored per sample in each experimental repetition.Data information: Data in (E--I) are based on four experimental repeats with four recipient mice per group (e.g., *n* = 12--16 per group). Two‐way ANOVA statistic test was used to compare means among the different groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](EMBJ-36-840-g010){#embj201694969-fig-0005}

![OPN fragments 20--25 kDa re‐polarize old LT‐HSCs\
OPN fraction D (20--25 kDa) sequence after enzymatic digestion. In blue, the thrombin cleavage site is shown. (ii) Chromatogram of the second digestion of fraction D with 8 M urea.Western blot analysis of all the fractions obtained from the digestion of fraction D. Antibodies anti‐OPN and anti‐thrombin were used.All the subfractions were tested on LT‐HSCs. Percentage of LT‐HSCs polarized for AcH4K16 and tubulin are shown for all the experimental groups. *n* = 3. ˜40 cells scored per sample in each experimental repetition.Percentage of LT‐HSCs polarized for AcH4K16 and tubulin in the experimental groups listed. *n* = 3; ˜30 cells scored per sample in each experimental repetition. The percentage of polarized cells is plotted over the total number of cells scored.Data information: Two‐way ANOVA statistic test was used to compare means among the different groups. Shown are mean values + 1 s.e.m. \**P* \< 0.05, \*\**P* \< 0.01, \*\**P* \< 0.001.](EMBJ-36-840-g012){#embj201694969-fig-0006ev}

Next, we tested whether aged HSCs that were re‐polarized to a youthful level by OPN fraction D also displayed a youthful *in vivo* function. Aged HSCs, treated for 16 h with fraction D, were competitively transplanted into young recipients and the outcome compared to competitive transplants with young and aged untreated HSCs and with young and aged HSCs treated with fraction C (does not re‐polarize aged HSCs) (Fig [5](#embj201694969-fig-0005){ref-type="fig"}D). While the overall level of engraftment after 22 weeks was similar in recipients transplanted with aged HSCs and aged HSCs treated with fraction D (Fig [5](#embj201694969-fig-0005){ref-type="fig"}E), aged fraction D‐treated HSCs presented with an increase in contribution to the T‐cell compartment, no change in the B‐cell compartment and a significantly reduced contribution to the myeloid compartment in PB compared to aged, untreated controls (Fig [5](#embj201694969-fig-0005){ref-type="fig"}F). Animals transplanted with fraction D‐treated aged HSCs showed an almost twofold reduction of HSCs frequency, representing a youthful level (Fig [5](#embj201694969-fig-0005){ref-type="fig"}G). Aged, fraction C‐treated HSCs did not show changes in contribution when compared to experiments in which aged, untreated HSCs were transplanted, demonstrating that fraction D acts exclusively on aged HSCs ([Appendix Fig S3B--D](#embj201694969-sup-0001){ref-type="supplementary-material"}). Closing the circle, polarity in donor‐derived HSCs from recipients transplanted with fraction D was increased to a youthful frequency when compared to the frequency of polar HSCs found in recipients transplanted with untreated or with fraction C‐treated aged HSCs (Fig [5](#embj201694969-fig-0005){ref-type="fig"}H). Although the overall level of engraftment remained unchanged compared to non‐treated aged controls, treatment of aged HSCs *ex vivo* with thrombin‐activated OPN fragments resulted in HSCs youthful for polarity and frequency *in vivo* and also changed the frequency of myeloid and T cell to a youthful level. Thrombin‐treated OPN is known to be able to bind, among others α4β1, α9β1 and αVβ3 receptors on HSCs and by this means to regulate homing, lodging and engraftment (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). Finally, in order to determine the extent of the engagement of the above listed integrin receptors in the signaling cascade of thrombin‐activated OPN fragment D, old HSCs were treated *ex vivo* 16 h with OPN fraction D in the presence of previously established and validated peptide inhibitors (Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}) for these integrins (Materials and Methods). Old HSCs, when treated with an α9β1 peptide inhibitor as well as with when treated with all three peptide inhibitors together (against α4β1, α9β1 and αVβ3), resulted in a block of the re‐polarizing activity of fraction D on aged HSCs (Fig [5](#embj201694969-fig-0005){ref-type="fig"}I) while the other integrin peptide inhibitors on their own did not affect polarity of old HSCs (Fig [EV6](#embj201694969-fig-0006ev){ref-type="fig"}D). Integrin α9β1 is thus a downstream effector of OPN fraction D activity in initiating a signaling cascade regulating Cdc42 activity and stem cell polarity and consequently stem cell aging and attenuation of aging.

Discussion {#embj201694969-sec-0009}
==========

Aging of HSCs was thought to be primarily regulated by cell intrinsic‐driven mechanisms (Morrison *et al*, [1996](#embj201694969-bib-0032){ref-type="ref"}; Rossi *et al*, [2005](#embj201694969-bib-0037){ref-type="ref"}; Chambers & Goodell, [2007](#embj201694969-bib-0006){ref-type="ref"}; Geiger *et al*, [2013](#embj201694969-bib-0014){ref-type="ref"}). In this study, we demonstrate a critical role for decreased OPN in osteoblasts in aged endosteal‐enriched stroma cells for inferring aging‐associated phenotypes on HSCs, while exposing old LT‐HSCs to OPN fragments activated by thrombin results in the attenuation of aging‐associated phenotypes and function of aged HSCs. Mechanistically, OPN regulates in a novel, not yet described function, the activity of the small RhoGTPase Cdc42 in hematopoietic cells. We have previously shown that the level of the activity of the small RhoGTPase CdC42 is causally linked to aging and rejuvenation of HSCs (Florian *et al*, [2012](#embj201694969-bib-0011){ref-type="ref"}). It was also previously reported that a decrease in OPN‐positive cells in the endosteal niche of diabetic mice correlates with decreased expression levels of N‐cadherin and β‐catenin on LT‐HSCs (Chiba *et al*, [2013](#embj201694969-bib-0008){ref-type="ref"}). Upon aging, a switch in Wnt‐signaling in aged HSCs occurs (Roozen *et al*, [2012](#embj201694969-bib-0036){ref-type="ref"}; Florian *et al*, [2013](#embj201694969-bib-0013){ref-type="ref"}; Kim *et al*, [2014](#embj201694969-bib-0022){ref-type="ref"}) which thus raises the possibility that the reduction in stromal OPN upon aging might likely contribute to or at least further enhance aging‐related Wnt pathway dysregulation. Analysis of the cytokine/chemokine composition of the BM extracellular fluid upon aging confirmed a previously published increase in the pro‐inflammatory protein RANTES in BM upon aging (Fig [EV1](#embj201694969-fig-0001ev){ref-type="fig"}E). A role for OPN in regulating expression and secretion of Rantes from mesenchymal stroma cells through interaction of OPN with surface integrin receptors has been previously described (Mi *et al*, [2011](#embj201694969-bib-0030){ref-type="ref"}). IP‐10, also known as CXCL10, is a chemokine secreted by monocytes, endothelial cells and fibroblasts in response to IFN‐γ. Nothing has been reported so for with respect to a likely connection of these cytokines and OPN in BM and aging, though a recent study reported increased IP‐10 serum levels in elderly patients (de Bonfante *et al*, [2015](#embj201694969-bib-0003){ref-type="ref"}). As implied by previous studies (Nilsson *et al*, [2005](#embj201694969-bib-0034){ref-type="ref"}; Stier *et al*, [2005](#embj201694969-bib-0040){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}), our results further confirm that OPN cleaved by thrombin is biologically active. OPN is a secreted glycoprotein able to bind HSCs through, among others, interactions with CD44 and α~9~β~1~/α~4~β~1~ integrins (Stier *et al*, [2005](#embj201694969-bib-0040){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). Thrombin‐mediated cleavage of OPN reveals a cryptic binding site in OPN for α4β1 and α9β1 integrins that are expressed on HSPCs (Smith *et al*, [1996](#embj201694969-bib-0039){ref-type="ref"}; Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). We demonstrate that OPN fragment D signals via α~9~β~1~ integrin to regulate Cdc42 activity to control HSCs polarity. This implies a novel role for α~9~β~1~ integrin not yet reported with respect to regulation of cell polarity.

Aged HSCs treated with the OPN fragment D show a more youthful level of myeloid cell production upon transplantation. Young OPN KO mice present with an aging‐like increase in CMPs compare to young wild‐type animals even though the frequency of mature myeloid cells is not yet compromised. But that seems to be only a matter of time, as increased myeloid production to a level even higher compared to old wild type happens in mid‐aged 18‐month‐old OPN KO mice. Also the heterochronic transplant experiments support a critical role for OPN in maintaining a youthful level of myeloid cells in the BM. OPN has also an important role in supporting lymphopoiesis; in fact, middle‐aged OPN KO mice show both impaired B‐ and T‐cell production and a trend toward a lower number of CLPs. Lack of OPN in the niche of young mice also significantly decreases B‐cell levels compared to for example levels in O→O controls. This strongly implies that a reduction in stroma‐derived OPN upon aging contributes to the aging‐associated lymphoid/myeloid differentiation skewing.

In summary, our data demonstrate a stem cell extrinsic contribution to HSC aging (Medyouf *et al*, [2014](#embj201694969-bib-0027){ref-type="ref"}; Morrison & Scadden, [2014](#embj201694969-bib-0031){ref-type="ref"}) and indicate a critical role for reduced stroma‐derived OPN in promoting aging‐associated phenotypes on HSCs. We further identified thrombin‐cleaved OPN as a novel treatment for ameliorating segments of hematopoietic stem cell aging.

Materials and Methods {#embj201694969-sec-0010}
=====================

Mice {#embj201694969-sec-0011}
----

C57BL/6J mice (8--10 weeks old) were purchased from Janvier (St. Berthevin Cedex, France). Aged C57BL/6J mice (19--24 months old) were obtained from the internal divisional stock (derived from mice obtained from Charles River Laboratories). OPN knockout mice backcrossed to the C57BL/6J background were previously published and obtained from Liaw L. laboratory (Liaw *et al*, [1998](#embj201694969-bib-0026){ref-type="ref"}). All mice were housed in the animal barrier facility under pathogen‐free conditions at the University of Ulm. All mouse experiments were performed in compliance with the German Law for Welfare of Laboratory Animals and were approved by the Institutional Review Board "Regierungsprasidium Tubingen" of the University of Ulm.

Heterochronic transplantation of BM cells {#embj201694969-sec-0012}
-----------------------------------------

4 × 10^6^ BM cells were isolated from either young (8--10 weeks old) or old (19--21 months old) Ly5.1^+^ donors and transplanted into lethally irradiated young, old and young OPN KO recipient (Ly5.2^+^) mice. Peripheral blood chimerism was determined by FACS analysis every 4 weeks up to 20 weeks after transplant. The transplantation experiment was performed six times with a cohort of five recipients mice per group each transplant (*n* = 25--30 mice per group).

Flow cytometry and cell sorting {#embj201694969-sec-0013}
-------------------------------

Peripheral blood, spleen and bone marrow cell immunostaining was performed according to standard procedures, and samples were analyzed on a LSRII flow cytometer (BD Biosciences). Monoclonal antibodies to Ly5.2 (clone 104, eBioscience) and Ly5.1 (clone A20, eBioscience) were used to distinguish donor from recipient cells. For peripheral blood and bone marrow lineage analysis, the antibodies used were all from eBioscience: anti‐CD3e (clone 145‐2C11), anti‐B220 (clone RA3‐6B2), anti‐Mac‐1 (clone M1/70) and anti‐Gr‐1 (clone RC57BL/6‐8C5). Lineage FACS analysis data are plotted as the percentage of B220^+^, CD3^+^ and myeloid (Gr‐1^+^, Mac‐1^+^ and Gr‐1^+^Mac‐1^+^) cells among donor‐derived Ly5.1^+^ cells in case of a transplantation experiment or among total white blood cells. As for early hematopoiesis analysis, mononuclear cells were isolated by low‐density centrifugation (Histopaque 1083, Sigma) and stained with a cocktail of biotinylated lineage antibodies. Biotinylated antibodies used for lineage staining were all rat anti‐mouse antibodies: anti‐CD11b (clone M1/70), anti‐B220 (clone RA3‐6B2), anti‐CD5 (clone 53‐7.3), anti‐Gr‐1 (clone RB6‐8C5), anti‐Ter119 and anti‐CD8a (clone 53‐6.7). After lineage depletion by magnetic separation (Dynabeads, Invitrogen), cells were stained with anti‐Sca‐1 (clone D7) (eBioscience), anti‐c‐Kit (clone 2B8) (eBioscience), anti‐CD34 (clone RAM34) (eBioscience), anti‐CD127 (clone A7R34) (eBioscience), anti CD16/CD32 (clone 2.4G2) (BD Biosciences), anti‐Flk‐2 (clone A2F10) (eBioscience) and streptavidin (eBioscience). FACS analysis data were plotted as percentage of long‐term hematopoietic stem cells (LT‐HSCs, gated as LSK CD34^−^/lowFlk2^−^), short‐term hematopoietic stem cells (ST‐HSCs, gated as LSK CD34^+^Flk2^−^) and multipotent progenitors (MPPs, gated as LSK CD34^+^Flk2^+^) distributed among donor‐derived LSKs (Lin^neg^c‐Kit^+^Sca‐1^+^ cells). To isolate LT‐HSCs, lineage depletion was performed to enrich for lineage‐negative cells. Lineage‐negative cells were then stained as mentioned above and sorted using a BD FACSAria III (BD Biosciences).

For intracellular flow cytometric staining of OPN, young and aged BM stroma cells were stained with anti‐mouse Ly5.2 (clone 104) and anti‐mouse Ter119 antibodies. Additionally, stroma cells were also stained for OBs (CD45^−^ Ter119^−^ CD31^−^ Sca1^−^ CD51^+^), MSCs (CD45^−^ Ter119^−^ CD31^−^ Sca1^+^ CD51^+^), CAR^+^ cells (CD45^−^ Ter119^−^ CD31^−^ CXCL12^+^) and CD31^+^ endothelial cells (CD45^−^ Ter119^−^ Sca1^+^ CD31^+^) (Winkler *et al*, [2010](#embj201694969-bib-0042){ref-type="ref"}; Schepers *et al*, [2012](#embj201694969-bib-0038){ref-type="ref"}; Guezguez *et al*, [2013](#embj201694969-bib-0018){ref-type="ref"}). At the end of the surface staining, cells were fixed and permeabilized with Cytofix/Cytoperm solution (BD Biosciences) and incubated with 10% donkey serum (Sigma) in BD Perm/Wash Buffer (BD Biosciences) for 30 min. Primary antibody incubation was performed at room temperature in BD Perm/Wash Buffer (BD Biosciences) for 1 h. The primary antibody for OPN was obtained from R&D Systems (goat polyclonal PE conjugated). Specificity of the anti‐OPN antibody was tested on BM stroma‐enriched population from OPN KO mice (Fig [EV2](#embj201694969-fig-0002ev){ref-type="fig"}D).

Immunofluorescence staining {#embj201694969-sec-0014}
---------------------------

Freshly sorted LT‐HSCs were seeded on fibronectin‐coated glass coverslips. For polarity staining, LT‐HSCs were incubated for 12--16 h in HBSS 10% FBS at 37°C, 5% CO~2~, 3% O~2~, in growth factor‐free medium and then fixed with BD Cytofix fixation buffer (BD Biosciences). After fixation, cells were gently washed with PBS, permeabilized with 0.2% Triton X‐100 (Sigma) in PBS for 20 min and blocked with 10% donkey serum (Sigma) for 30 min. Primary and secondary antibody incubations were performed for 1 h at room temperature. Coverslips were mounted with ProLong Gold Antifade reagent with DAPI (Invitrogen, Molecular Probes). The cells were stained with an anti‐α‐tubulin antibody (Abcam, rat monoclonal ab6160) detected with an anti‐rat DyLight488‐conjugated antibody (Jackson ImmunoResearch); an anti‐AcH4K16 antibody (Upstate‐Millipore, rabbit polyclonal) detected with an anti‐rabbit DyLight549‐conjugated antibody (Jackson ImmunoResearch); samples were imaged with an AxioObserver Z1 microscope (Zeiss) equipped with a 63 × PH objective. Images were analyzed with AxioVision 4.6 software. As for polarity scoring, the localization of each single stained protein was considered polarized when a clear asymmetric distribution was visible by drawing a line across the middle of the cell. A total of 40--50 LT‐HSCs were singularly analyzed per sample. Data are plotted as percentage of the total number of cells scored per sample. Freshly sorted stroma cells OBs, MSCs, CAR^+^cells and C31^+^ endothelial cells were seeded on fibronectin‐coated glass coverslips and incubated/treated as described above. Primary antibody goat anti‐mouse OPN and Cy3 donkey anti‐goat secondary antibody were used. A total of 30 LT‐HSCs were singularly analyzed. The cells were examined under a Zeiss LSM 710 confocal microscope, and the volume measurement of OPN signal was analyzed with the image analysis software Volocity 3D (PerkinElmer).

Western blot and Cdc42‐GTPase effector domain pull‐down assays {#embj201694969-sec-0015}
--------------------------------------------------------------

Relative levels of GTP‐bound Cdc42 were determined by an effector pull‐down assay. Briefly, lineage‐depleted bone marrow cells (4 × 10^6^) were lysed in a Mg^2+^ lysis/wash buffer (Upstate cell signaling solutions) containing 10% glycerol, 25 mM sodium fluoride, 1 mM sodium orthovanadate and a protease inhibitor cocktail (Roche Diagnostics). Samples were incubated with PAK‐1 binding domain/agarose beads and bound (activated) as well as unbound (non‐activated) Cdc42 fractions were probed by immunoblotting with an anti‐Cdc42 antibody (Millipore, rabbit polyclonal). Activated protein was normalized to total protein and/or β‐actin (Sigma), and the relative amount was quantified by densitometry.

Endosteal‐enriched stroma population isolation {#embj201694969-sec-0016}
----------------------------------------------

To isolate cells close to the endosteum, femora and tibiae were isolated from young (8--10 weeks old) and aged (22--24 months old) mice. The bones were cleaned and the associated muscle tissues removed. After the bone marrow was flushed out, the bones were incubated and shaken in 1.5 mg/ml collagenase IV (Worthington)/PBS for 1.5 h at 37°C. The bones were washed extensively with IMDM/10% FBS and the dissociated cells collected. This stroma cell fraction was filtered through a 70‐μm cell strainer and counted.

Co‐culture of endosteal‐enriched stroma population with BM cells depleted of differentiated cells {#embj201694969-sec-0017}
-------------------------------------------------------------------------------------------------

Freshly isolated stroma‐enriched cells were co‐culture with BM lineage‐negative depleted cell at the ratio 1:1 in growth factor‐free medium IMDM 10% FBS at 37°C, 5% CO~2~, 3% O~2~ for 72 h. After 24 h in culture, BrdU was added to the cells at a final concentration of 1 mM. At the endpoint, cells were harvested by intensive washing with HBSS and incubated with Cell dissociation buffer enzyme‐free based (Gibco, Life Technology) for 30--50 min at 37°C. After being counted, cells were stained with the HSC surface markers: anti‐Sca‐1 (clone D7) (eBioscience), anti‐c‐Kit (clone 2B8) (eBioscience), anti‐CD34 (clone RAM34) (eBioscience), anti‐CD127 (clone A7R34) (eBioscience), anti‐CD16/CD32 (clone 2.4G2) (BD Biosciences), anti‐Flk‐2 (clone A2F10) (eBioscience) and streptavidin (eBioscience). After washing, cells were stained with anti‐Annexin V antibody (BD Horizon) to identify apopotic cells rate. Finally after fixation and permeabilization, the cells were stained with antibody anti‐BrdU to verify the cell cycle status. The analysis was performed on a LSRII flow cytometer (BD Biosciences).

Quantitative real‐time PCR {#embj201694969-sec-0018}
--------------------------

RNA was isolated from bone‐derived stroma cells as well as from FACS‐sorted LT‐HSCs and lineage^+^ cells with the microRNA Extraction kit (Qiagen) and all was used for cDNA conversion. All real‐time PCRs were run with TaqMan real‐time PCR reagents and primers from Applied Biosystem on an ABI 9700HT real‐time machine. Normalization was made with GAPDH, and fold change was calculated by DD*C* ~t~ (Delta delta *C* ~t~) method.

Cytometric beads array and ELISA assay {#embj201694969-sec-0019}
--------------------------------------

Total BM supernatant was flushed out from tibias and femurs of 2‐ and 24‐month‐old mice, and collected after centrifuging down the BM cells. Cytokine concentrations in the sample supernatants were determined by enzyme‐linked immunosorbent assay (ELISA) using MilliplexTM Multiplex kits (Millipore, Billerica, MA, USA) according to manufacturer\'s protocol. Briefly, in a 96‐well multiscreen filter plate, 25 μl sample in duplicate was incubated with 25 μl antibody‐coated beads overnight at 4°C on a plate shaker. Plates were then washed two times on a vacuum apparatus, and 25 μl of secondary antibody was added and incubated at room temperature for 1 h on while shaking. Finally, 25 μl of streptavidin‐RPE was added directly to the secondary antibody and incubated for 30 min at room temperature with shaking. Plates were then washed two more times, and 100 μl of sheath fluid was added. Plates were shaken for 5 min and then read using luminex technology on the Bio‐Plex™ (Bio‐Rad, Hercules, CA). Concentrations were calculated from standard curves using recombinant proteins and expressed in pg/ml. The cytokine analysis was conducted by the Research Flow Cytometry Core at Cincinnati Children\'s Hospital. ELISA was performed on BM supernatants and stroma cells culture supernatants for OPN (capture antibody: goat anti‐mouse OPN and detection antibody: biotinylated goat anti‐mouse OPN, R&D Systems) and SDF‐1 (capture antibody: mouse anti‐human/mouse SDF‐1 and detection antibody: biotinylated goat anti‐human/mouse SDF‐1, R&D Systems).

Colony‐forming unit assay fibroblasts and osteoblasts {#embj201694969-sec-0020}
-----------------------------------------------------

1 × 10^6^ isolated bone‐derived stroma cells from young and aged mice were seeded in triplicates (0.3 × 10^6^ cells in each plate) with cytokine‐supplemented MethoCult™ M3134 medium (STEMCELL Technologies) for 10--12 days. Cells were than stained with Differential Wright Giemsa stain, and then, colonies were enumerated based on size and morphology (Gonzalez‐Nieto *et al*, [2012](#embj201694969-bib-0015){ref-type="ref"}).

Purification of thrombin‐digested OPN {#embj201694969-sec-0021}
-------------------------------------

The thrombin‐digested OPN was separated by reverse‐phase chromatography (RPC) on a RPC 18 column (Macherey and Nagel, Nucleosil, 300‐5, 4.6 × 250 mm) using a linear gradient from 0 to 60% buffer B (A: water, 0.1% TFA; B: A + 80% acetonitrile, 0.1% TFA). Aliquots of 20% of the resulting fractions were lyophilized and tested. The resulting active fraction D corresponding to 0.3 mg digested OPN was incubated for 10 min at RT with 8 M urea and then re‐chromatographed under the same conditions. Aliquots of 20% were lyophilized and tested.

*Ex vivo* treatment with OPN fragments and integrin peptide inhibitors {#embj201694969-sec-0022}
----------------------------------------------------------------------

HSCs were purified from young (8--10 weeks old) and old (20--24 months old) Ly5.2^+^ donors and either treated or untreated with 40 ng/ml thrombin‐digested OPN fragments for 16 h at 37°C. Treatment was also performed in the presence of integrin peptide inhibitors (1 μM dissolved in PBS) for 16 h at 37°C. These inhibitors specifically bind the α4β1, α9β1 and αVβ3 receptors on HSCs without activation (Grassinger *et al*, [2009](#embj201694969-bib-0016){ref-type="ref"}). Peptide sequence for α4β1 inhibitor: ETVTASTQADTFT, α9β1 inhibitor: SLAYGLR, αVβ3 inhibitor: GRGDS. HSCs were transplanted into 8‐ to 10‐week‐old Ly5.1^+^ recipients with 3 × 10^5^ competitor BM cells. Peripheral blood chimerism was determined by FACS analysis every 8 weeks up to 20 weeks after transplant. The transplantation experiment was performed four times with a cohort of five recipients mice per group each transplant (*n* = 20 mice per group).

Statistical analyses {#embj201694969-sec-0023}
--------------------

Data were assumed to meet normal distribution. The variance was similar between groups that were statistically compared. All data are plotted as mean + 1 standard error (s.e.m.). The s.e.m. is used to indicate the precision of an estimated mean. Such a data representation does not affect the statistical analyses as variance information is used in the test statistics. A paired Student\'s *t*‐test was used to determine the significance of the difference between means of two groups. One‐way ANOVA or two‐way ANOVA were used to compare means among three or more independent groups. Bonferroni post‐test to compare all pairs of data set was determined when overall *P*‐value was \< 0.05. All statistical analyses were determined with Prism 6.0d version. In each figure legend, the number (*n*) of biological repeats (samples obtained from experiments repeated in different days and starting from different mice) included in the final statistical analysis is indicated. Mice for experiments were randomly chosen from our in‐house colonies or suppliers.
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